Nucleate pool boiling at low heat flux is typically characterized by cyclic growth and departure of single vapor bubbles from the heated wall. It has been experimentally observed that the contact angle at the bubble base varies during the ebullition cycle. In the present numerical study, dynamic advancing and receding contact angles obtained from experimental observations are specified at the base of a vapor bubble growing on a wall. The complete NavierStokes equations are solved and the liquid-vapor interface is captured using the level-set technique. The effect of dynamic contact angle on the bubble dynamics and vapor removal rate are compared to results obtained with static contact angle. The results show that bubble base exhibits a slip/stick behavior with dynamic contact angle though the overall effect on the vapor removal rate is small. Higher advancing contact angle is found to increase the vapor removal rate.
INTRODUCTION
Bubbles nucleate from the cavities at the wall during nucleate pool boiling. During its growth period, the bubbles stay attached to the wall at the base. The bubble base diameter increases initially, then stays constant for a period of time and finally decreases as the bubble departs. Intense evaporation is believed to take place near the bubble base that results in very high wall heat flux.
The liquid-vapor interface at the bubble base experiences dynamic advancing and dynamic receding contact angles at the wall during bubble growth and departure stages. The dynamic contact angle is different from static or equilibrium contact angle, which depends on the liquid, vapor and the material of the solid surface. Use of a single contact angle may not be justified, as even under equilibrium conditions, the static advancing contact angle is different (larger) from the static receding contact angle. Figure 1 shows a nucleating bubble at the wall during pool boiling [1] . The frame on the left shows a bubble just after nucleation. The bubble base is expanding in this case, and the contact angle at the wall is receding. The frame on the right shows the same bubble just prior to departure. The bubble base is contracting in this case and the contact angle is advancing. It can be seen from the figures that the advancing contact angle is larger than the receding one.
The surface tension force acting at the bubble base depends on the dynamic contact angle. This affects the overall bubble dynamics and the wall heat transfer. The present numerical calculations are performed to study the effect of the dynamic contact angle at the bubble base as compared to a static contact angle.
Sobolev et al. [8] measured dynamic contact angle of water in thin quartz capillaries with radii varying from 200 to 40 nm. The value of dynamic contact angle was found to depend on the degree of surface coverage by the absorbed water molecules. At velocities lower than 5 microns/s, the dynamic contact angle was found to be linearly dependent on the velocity whereas, at higher velocities, it was found to be rate independent.
LITERATURE REVIEW
A brief literature survey is presented to review some of the papers dealing with static and dynamic contact angles associated with evaporating liquid-vapor interface on a heated surface.
Schulze et al. [2] empirically determined the equilibrium contact angle for certain low energy solids and pure liquids. They varied the roughness of the polymer solid surfaces and used a sessile drop experiment to measure the advancing and receding contact angles. The contact angle hysteresis was assumed to be dependent on the surface roughness and the equilibrium contact angle was linearly approximated setting the hysteresis to be zero.
Kandlikar [9] developed a theoretical model of CHF with dynamic receding contact angle. The model was based on the assumption that CHF occurs when the force due to the momentum change pulling the bubble interface into the liquid along the heated surface exceeds the sum of the forces from surface tension and gravity holding the bubble. He assumed the dynamic receding contact angle for various liquid-solid systems. The model indicated decrease in CHF with increase in contact angle.
Shoji and Zhang [3] experimentally measured contact angle of water on copper, glass, aluminum and Teflon surfaces. The receding contact angle was found to decrease with surface roughness while the advancing contact angle remained almost constant. They also developed a model for evaluating surface wettability by introducing a surface roughness parameter and a surface energy parameter. They concluded that the advancing and receding contact angles are unique for any liquid-solid combination and the surface condition.
Kandlikar and Steinke [10] made photographic observations of liquid droplets impinging on a heated surface. They studied the effects of surface roughness and surface temperatures on the dynamic advancing and receding contact angles. They found that the equilibrium contact angle first decreased and then increased with surface roughness. The dynamic advancing and receding contact angles were found to be equal for high wall superheats at critical heat flux conditions. Kandlikar and Stumm [4] developed a model to analyze the forces acting on a vapor bubble during subcooled flow boiling. They also measured experimentally the upstream and downstream contact angles as a function of flow velocity. They found that the upstream and downstream contact angles went through a maxima and minima respectively with increase in flow velocity.
Barazza et al. [11] determined advancing contact angle during spontaneous capillary penetration of liquid between two parallel glass plates by measuring the transient height attained by it. The data was fitted into an averaged NavierStokes model integrated over a cross section away from the liquid front. The calculated contact angle values failed to predict the dependence of the dynamic contact angle on velocity as suggested by classical hydrodynamics and molecular theories in the nonwetting case.
Brandon and Marmur [5] simulated contact angle hysteresis for a two-dimensional drop on a chemically heterogeneous surface. The intrinsic contact angle was assumed to vary periodically with distance from the center of the drop. The changes in free energy of the system, the contact angle and the size of the base of the drop were calculated with increase and decrease in volume of the drop. The authors concluded that the quasi-static analysis of the dependence of the free energy of the system on the drop volume could explain the contact angle hysteresis measurements.
Lam et al. [12] carried out dynamic one-cycle and cyclic contact angle measurements for different solids and liquids. Four different patterns of receding contact angle were obtained: (a) time dependent receding contact angle; (b) constant receding contact angle; (c) stick/slip pattern and (d) no receding contact angle. The authors identified liquid sorption and retention as the primary cause of contact angle hysteresis.
Ramanujapu and Dhir [6] studied dynamic contact angle at the base of a vapor bubble during nucleate pool boiling. A silicon wafer was used as the test surface with micromachined cavities for nucleation. The bubble base diameter was measured as a function of time and the interface velocity was calculated. The results show that though the contact angle varied during different stages of bubble growth, it was weakly dependent on the interface velocity. They concluded that contact angle could be determined primarily based on the sign of the interface velocity.
Abarajith and Dhir [13] studied the effect of various contact angles on single bubbles during nucleate pool boiling. The contact angle was kept fixed throughout the bubble growth and departure process. The effect of microlayer evaporation was included in the study. The contact angle was related to the magnitude of the Hamaker constant, which was found to change with surface wettability.
Kandlikar and Kuan [14] experimentally studied an evaporating meniscus on a smooth heated rotating copper surface. They studied the size and shape of the meniscus and its receding and advancing contact angles. The meniscus is comparable to a nucleating bubble base near its contact line region. The results show that for a stationary meniscus, the contact angle was almost independent of the flow rate and heat flux. In the case of a moving meniscus, large difference was observed between the advancing and receding contact angles.
NUMERICAL MODEL

Method
The numerical analysis is done by solving the complete incompressible Navier-Stokes equations using the SIMPLE method [15] , which stands for Semi-Implicit Method for Pressure-Linked Equations. A pressure field is extracted from the given velocity field. The continuity equation is turned into an equation for the pressure correction. During each iteration, the velocities are corrected using velocitycorrection formulas. The "consistent" approximation [16] is used for the velocity correction. The resulting velocity field exactly satisfies the discretized continuity equation, irrespective of the fact that the underlying pressure corrections are only approximate.
The computations proceed to convergence via a series of continuity satisfying velocity fields. The algebraic equations are solved using the line-by-line technique, which uses TDMA (tri-diagonal matrix algorithm) as the basic unit.
The speed of convergence of the line-by-line technique is further increased by supplementing it with the block-correction procedure [17] . Multi-grid technique is used to solve the pressure fields. [18] developed a level set approach where the interface was captured implicitly as the zero level set of a smooth distance function. The level set function was typically a smooth function, denoted as φ . This formulation eliminated the problems of adding/subtracting points to a moving grid and automatically took care of merging and breaking of the interface. The present analysis is done using this level set technique. 
NOMENCLATURE
The vapor velocity at the interface due to evaporation - To prevent instabilities at the interface, the density and viscosity are defined as -
H is the Heaviside function - Since the vapor is assumed to remain at saturation temperature, the thermal conductivity is given by -
Scaling Factors
The governing equations are made non-dimensional using a length scale (l 0 ) and a time scale (t 0 ) defined by, 
Initial Conditions
A spherical bubble of radius 0.1 non-dimensional length is placed in the domain on the wall, with the given contact angle. The initial coordinates for the center of a single bubble would be (0, ϕ cos r , 0). All initial velocities are set to zero. The initial thermal boundary layer thickness is calculated from the correlation for the turbulent natural convection heat transfer. The initial thickness is given by -
The liquid and vapor properties are taken for water at 100 o C. The vapor temperature is set to the saturation temperature i.e. 100 o C. The wall temperature is set to 110 o C for all cases.
Boundary Conditions
The boundary conditions are as follows - It may be noted here that in Fig. 3 , the interface velocity is defined as the rate of change of bubble base diameter (and not radius) with time. Figure 5 shows the results of numerical calculations with different advancing and receding contact angles. In this case, the contact angle is specified depending on the sign of the interface velocity. Thus when the bubble base diameter is increasing, the contact angle is specified as 48 o whereas when the bubble base diameter is decreasing, the contact angle is specified as 61 o . The bubble base diameter is seen to increase initially till 28 ms. Thereafter, as the base diameter starts decreasing, the contact angle immediately changes to advancing contact angle and becomes higher. This affects the surface tension force at the bubble base. The increase in contact angle decreases the surface tension force that was causing the bubble base to contract. As a result, the bubble base starts to expand again. Thus as V lim is decreased, the behavior of the bubble base approaches the stick/slip pattern observed in Case 2 and as V lim is increased, the behavior of the bubble base approaches static constant angle pattern of Case 1. In both cases of dynamic contact angle, the bubble departure time is around 60 ms which is comparatively longer than that in Case 1 but less than Case 2.
The contact angle at the bubble base keeps changing depending on the increase or decrease of base diameter. However, as a net result, the bubble base starts to recede at a higher rate after 28 ms. The overall base diameter increases and exhibits a stick/slip pattern till 44 ms, after which it decreases till bubble departure. The bubble departs at 66 ms with a higher equivalent bubble diameter compared to the previous case where a static contact angle was assumed.
Comparing Figs. 4 and 5, it can be seen that incorporating different (but constant) advancing and receding contact angles results in (1) a stick/slip interface movement during the bubble growth and (2) a larger bubble departure diameter.
Case 3 -Dynamic Contact Angle as a function of Interface Velocity
Numerical calculations are carried out with dynamic contact angle at the bubble base as obtained from Fig. 3 . The contact angle is specified as follows - It is seen from this analysis that the advancing contact angle influences the departure diameter considerably. It is also seen that using different but constant advancing and receding contact angles results in a stick/slip behavior of the bubble base. Figure 9 compares the vapor removal rate for the four cases. The vapor removal rate is calculated by dividing the departure volume with departure time. Case 3 represents the simulation of the actual experimental conditions shown in The time corresponding to the shapes is indicated on each frame. The bubble initially grows with a spherical shape but gradually turns into a hemispherical shape due to the effect of high advancing contact angle. When the bubble departs, the bubble base forms a neck which is seen in the frame corresponding to 85.5 ms. It can be seen that for the first three cases, there is little difference between the vapor removal rates. Therefore the effect of contact angle hysteresis on the vapor removal rate is negligible for the cases studied. In Case 4 with 90 o advancing contact angle, the vapor generation rate is considerably higher compared to the previous cases. The effect of the hysteresis is found to be similar on bubble growth as in Case 2. The bubble base starts to recede again and around 50 ms, the bubble diameter and base diameter becomes almost equal. The bubble departs at around 88 ms.
Thus in partial nucleate pool boiling, the bubble dynamics is affected due to variation of contact angle at the base during the bubble growth period. The bubble base exhibits a stick/slip behavior with different advancing and receding contact angles. The vapor removal rate, however, is found to be little affected by the dynamic contact angle. The advancing contact angle is found to play a major role on both bubble dynamics and the vapor removal rate.
CONCLUSIONS
Numerical simulation is carried out for single nucleating vapor bubble on a wall with dynamic contact angle at the bubble base. The contact angle at the wall is specified from the data obtained from experimental observations.
When different but constant advancing and receding contact angles are specified, the bubble base diameter goes through a series of fluctuations and exhibits a stick/slip pattern during bubble growth period.
When dynamic contact angle is specified at the bubble base based on the interface velocity, the bubble growth behavior is found to be dependent on the limiting velocity for the advancing and receding contact angles.
The results indicate that the overall effect of dynamic contact angle on the vapor removal rate is small for the same limiting advancing and receding contact angles. The vapor removal rate is found to increase with increase in the advancing contact angle.
